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Angiotensin II (DRVYIHPF) and two analogs, (DRVYIAPA and DRVAIHPA), were used as
model systems to study the ozonolysis of peptides containing tyrosine and histidine residues.
The ESI mass spectrum of angiotensin II following exposure to ozone showed the formation of
adducts containing one, three, and four oxygen atoms. CID and SID spectra of these adducts
were consistent with formation of TyrO and His 3O as expected from previous work with
amino acids. However, several fragment ions observed in the CID and SID spectra suggested
formation of a rather unexpected adduct, Tyr  3O, and a small amount of the Phe  O
adduct. These findings were confirmed by examining two angiotensin analogs. Exposure of
DRVYIAPA to ozone resulted in the addition of either one or three oxygen atoms on Tyr, while
DRVAIHPA showed only the addition of three oxygen atoms—all on His. Other noteworthy
minor oxidation products were observed from these analogs including Tyr  34 Da, His  5
Da, His  34 Da, and His  82 Da. The reaction rates of the peptides with ozone were found
to be similar: second-order rate coefficients are 274  3, 379  6, and 439  34 M1s1 for
DRVYIAPA, DRVAIHPA, and angiotensin II, respectively. The relative rates indicate (1) an
isolated His residue has a slightly greater ozone reactivity than an isolated Tyr residue, and (2)
the reaction rates of isolated residues are not additive when both residues are present in the
same molecule. (J Am Soc Mass Spectrom 2006, 17, 1289–1298) © 2006 American Society for
Mass SpectrometryGround level ozone, one of the most toxic pollut-ants, is formed by the reaction of nitrogenoxides (NOx) and volatile organic compounds
(VOC) in the presence of sunlight. Emissions from
motor vehicles and industrial processes are the major
sources of NOx and VOC. The national ambient air
quality standard (NAAQS) for ozone is currently 0.08
ppm averaged over an 8 h period. This level is often
exceeded in the United States and elsewhere. Human
exposure to high levels of ozone has been shown to
cause adverse human health effects such as decreased
respiratory function, aggravated asthmatic symptoms
[1, 2], and dry eye syndrome [3]. Deleterious effects on
animal lung function and agricultural crops and forests
have also been observed [4 – 6].
Because of potential severe health effects, many
studies have focused on the reaction of ozone with key
biomolecular targets in the respiratory tract, including
lipids [7, 8], proteins [7–11], and antioxidants in the
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doi:10.1016/j.jasms.2006.05.009respiratory tract lining fluid (RTLF) such as uric acid
and ascorbic acid [12, 13]. Inactivation and/or denatur-
ation upon exposure to ozone has been shown for
lysozyme [14, 15], glutamine synthetase [16],
glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
[17], and acetylcholine esterase (AChE) [18]. Biomolec-
ular targets also exist in atmosphere, either within
viable cells (bacteria, fungal spores, etc.) or nonviable
biological debris (leaf fragments, biomass burning aero-
sol, etc.) [19]. The roles these materials play in processes
such as cloud formation [20], ice nucleation [21], and
adverse health effects [22] are not well understood, and
are complicated by reaction with oxidants such as
ozone, which can modify their physical, chemical, and
biological properties.
Spectrophotometric studies have shown that the
amino acids Met, Trp, Tyr, Cys, His, and Phe are most
susceptible to oxidation by ozone in aqueous solutions
[23–26]. The reaction rates depend on solution condi-
tions such as pH, as well as the precise method of
ozonolysis and detection employed [12, 23, 24]. These
studies have been performed mainly with UV absor-
bance, which permits characterization of carbonyls
formed by side-chain oxidation and fluorescence-
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tion. Recently, the ozonolysis products of free amino
acids and several di- and tripeptides have been charac-
terized by ESI-MS/MS [27]. Although product struc-
tures have been proposed in these studies, the mecha-
nisms of these reactions are not completely understood.
Also, the potential of other oxidizing agents (i.e., H2O2,
hydroxyl radicals, or 1O2) resulting from ozonolysis of
biomolecules have not been discussed in detail.
In the work presented here, the ozonolysis of Tyr
and His are studied using angiotensin II (DRVYIHPF)
and two related analogs, (DRVYIAPA and
DRVAIHPA), as model systems. The analogs provide
the opportunity to study Tyr and His oxidation indi-
vidually within a more complex molecule compared to
free amino acid studies. New oxidation products of Tyr
are observed, and the rates of reaction of these peptides
are also determined.
Methods
Angiotensin II (DRVYIHPF), bradykinin, and adreno-
corticotropic hormone (ACTH) fragment 18-39 were
obtained from Sigma-Aldrich (St. Louis, MO) and
two analogs (DRVYIAPA and DRVAIHPA) from
AnaSpec, Inc. (San Jose, CA) HPLC grade methanol
and acetonitrile were obtained from Fisher. Aqueous
solutions of angiotensin II and its analogs were
prepared in deionized water (Millipore, Bedford,
MA) at a concentration of 0.15 mg/mL. Bradykinin
and ACTH fragment 18-39 were prepared at concen-
trations of 0.30 and 0.10 mg/ml, respectively. The
reaction was performed by flowing ozone over the
stirred peptide solutions for up to 21 min. Aliquots
were removed at different time periods and immedi-
ately cleaned with a C18 ZipTip (Millipore) to remove
potential oxidizing agents. Ozone was produced by
an ozone generator model PZ5 (Prozone Interna-
tional, Inc., Huntsville, AL) with a flow rate of 1.2
L/min. The gas-phase concentration of ozone intro-
duced to the reaction system was measured with a
model 49C O3 Analyzer (Thermo Electron, Franklin,
MA). Solution phase concentrations were then deter-
mined from the Henry’s law constant for ozone [28].
MS and MSMS spectra of electrosprayed ions were
obtained using an LCQ Advantage ion trap mass spec-
trometer (ThermoFinnigan, San Jose, CA). Nitrogen
was used as the nebulizer gas with an applied positive
voltage of 4.5 kV to the electrospray needle. Samples
were mixed with methanol to a 1:1 vol/vol ratio and
then manually injected into a 20 L stainless steel
injection loop. A 100% acetonitrile carrier solution de-
livered the sample to the electrospray interface at a flow
rate of 40 L/min. Mass spectra were acquired between
150 and 2000 m/z with a 50-ms activation time. For
MSMS, the isolation width for selected ions was set at 3
m/z (1.5 m/z), and the % relative collision energy was
set at 35% with a 200-ms activation time. Default val-
ues of 0.25 and 30 ms were used for activation Q andtime, respectively. All spectra were collected in full
scan mode and analyzed using Xcalibur software
(ThermoFinnigan).
Surface-induced dissociation (SID) of angiotensin II
was studied using a custom built 6-T Fourier transform
ion cyclotron resonance (FT-ICR) mass spectrometer
(Pacific Northwest National Laboratory, Richland, WA)
described elsewhere [29]. In these experiments, ions
were produced in a high-transmission electrospray
source consisting of an ion funnel interface followed by
three quadrupoles used for collisional focusing, mass
selection, and external accumulation, respectively. After
accumulation, the ions were extracted from the third
quadrupole and transferred into the ICR cell, where
they collided with the surface positioned at the rear
trapping plate of the cell. The resulting scattered ions
were trapped, excited by a broadband chirp, and de-
tected. The SID surface used in this study is a 2 m thick
film of carbon vapor deposited diamond on titanium
disk prepared by P1 Diamond Inc. (Santa Clara, CA).
Results and Discussion
Ozone reactions in the presence of water may lead to
the formation of additional oxidizing agents such as
hydrogen peroxide, hydroxyl radicals, and singlet oxy-
gen. The presence of oxidizing agents during electros-
pray ionization can lead to the formation of electro-
chemically generated oxygen adducts [30]. Formation
of oxygen adducts can also occur in electrospray by
simply increasing the needle voltage [31]. Therefore,
control experiments were designed to identify the for-
mation of products based on intermediate oxidizing
agents and electrochemical generation in the ESI source.
Potential oxidizing agents were introduced to the
stirred peptide solutions to understand whether or not
formation of products occurred. First, oxygen was elim-
inated as a potential oxidizing agent. Dry, filtered air
was flowed over the stirred peptide solutions and
directly injected into the ESI source. Spectra of each
peptide control solution verified that no oxidation
products were produced in the absence of ozone. Sec-
ond, H2O2 was added in excess to the peptide solutions
before MS analysis. The mass spectra showed addition
of up to four oxygen atoms in small abundance, pre-
sumably due to the electrochemical generation of reac-
tive oxygen species during electrospray ionization.
Sample cleanup with a C18 ZipTip (Millipore) just
before injection into the ESI source eliminated forma-
tion of these oxygen adducts [32]. It was concluded that
any H2O2 formed during the ozonolysis process will be
removed by sample cleanup and will not cause addi-
tional oxidation in the ESI source.
Hydroxyl radicals resulting from the decomposition
of ozone in solution were not experimentally removed
from the reaction system. However, because the selec-
tivity of ozone is high for specific substrates (i.e., Met,
Trp, Tyr, His, etc), and this selectivity was maintained
in the experiments described above, it is concluded that
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of ozone oxidation and not from the less selective
oxidation by hydroxyl radicals [33].
Singlet oxygen (1O2) was also considered to be a
potential oxidizing agent in these experiments. Unfor-
tunately, the contribution of 1O2 is difficult to eliminate
in ozone reactions because most 1O2 quenchers will
rapidly react with ozone. Earlier work by Kanofsky et
al. [13, 34] showed singlet oxygen yields of 0.12  0.02
and 0.09  0.02 (mol 1O2/mol O3 reacted) for tyrosine
and histidine, respectively, at gas-liquid interfaces of
ozone-biomolecule reactions. Based on these low yields
and the substrate oxidation selectivity observed in the
experiments, the generation and eventual reaction of
singlet oxygen with peptide is expected to be minimal.
It cannot be discounted, however, that hydroxyl radi-
cals and singlet oxygen can contribute to the formation
of minor oxidation products observed in this study.
ESI-MS
Figure 1a shows the ESI mass spectrum of angiotensin II
(DRVYIHPF) after exposure to ozone. In addition to the
unreacted parent peak at 1046.6 m/z, singly charged
oxidation products appear at 1062.5, 1094.5, and 1110.5
m/z, which correspond to the addition of one, three, and
four oxygen atoms, respectively. Table 1 gives accurate
mass measurements that confirm the expected elemen-
tal composition of the products. Previous work showed
that ozonolysis of free amino acids results in the addi-
tion of one oxygen atom to Tyr and three oxygen atoms
to His [27]. Other ions in the mass spectrum suggest the
addition of five and six oxygen atoms (1126.4 and
1142.5 m/z, respectively), which most likely result from
continuing the ozone reaction. Unfortunately, the rela-
tive abundances of these ions were too small to allow
further characterization. No significant ion current is
observed at m/z values corresponding to M-30 (decar-
boxylation) or M-43 (deguanidination), which might be
expected from hydroxyl radical mediated oxidation.
To study Tyr and His oxidation individually, three
residues were modified in the angiotensin II peptide.
His and Phe were replaced by Ala in one analog leaving
Tyr as the only reactive amino acid (DRVYIAPA), and
Tyr and Phe were replaced by Ala in the other analog
leaving His as the only reactive amino acid
(DRVAIHPA). Although oxygen addition products
were not anticipated for Phe in angiotensin II, earlier
work suggested that trace amounts of Phe  O and Phe
 2O may be formed by ozonolysis and are detectable
by mass spectrometry [27]. Therefore, experiments were
also conducted on bradykinin (RPPGFSR) under the
same reaction conditions to study the possible reactivity
of Phe. The ESI mass spectrum of bradykinin after
exposure to ozone did not show any oxidation prod-
ucts, suggesting that Phe undergoes little if any oxida-
tion under the conditions used in this study.
Figure 1b shows the ESI mass spectrum of A6,
A8-angiotensin II, DRVYIAPA, after exposure to ozone.In addition to the unreacted molecule appearing at
904.6 m/z, oxidation products are observed at 920.5 and
952.5 m/z, which correspond to the addition of one and
three oxygen atoms, respectively. While the addition of
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Figure 1. ESI mass spectrum of (a) angiotensin II, (b) DRVY-
IAPA, and (c) DRVAIHPA after exposure to ozone.one oxygen atom on Tyr was expected based on previ-
003
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rather surprising and has not been previously reported.
This observation can be rationalized assuming forma-
tion of a ring-opened degradation product discussed in
detail below. Another oxidation product of DRVYIAPA
appears in the mass spectrum at 938.5 m/z correspond-
ing to the addition of 34 Da to the original peptide. Ions
with m/z greater than the 3O adduct at 952.5 m/z most
likely result from the continuing attack of ozone on the
oxidized products and/or oxidation of nonspecific tar-
gets on the peptide.
Further evidence for formation of a Tyr  3O adduct
is found in the ESI mass spectrum of ACTH fragment
18-39 (RPVKVYPNGAEDESAEAFPLEF), which after
exposure to ozone shows a doubly charged ion at 1233.3
m/z from the unreacted molecule, a doubly charged ion
at 1241.3 m/z corresponding to the addition of one
oxygen atom, and a doubly charged ion at 1257.7 m/z
correlating to the addition of three oxygen atoms (data
not shown). Accurate mass measurements obtained
using FT-ICR mass spectrometry confirmed the ex-
pected elemental compositions (Table 1). Although the
mass and peptide length of the ACTH fragment 18-39
was double compared to angiotensin II, both peptides
contained similar potential reactive amino acids (i.e.,
Tyr and Phe). Since the Phe residue is not expected to
react significantly with ozone on this time scale, the
ACTHmass spectrum is consistent with formation of an
oxidation product corresponding to Tyr  3O. Also,
reaction of the Phe residue with other oxidizing agents
such as a hydroxyl radical would result in the addition
of only one oxygen atom not three.
Figure 1c shows the ESI mass spectrum of A4,
A8-angiotensin II, DRVAIHPA, after exposure to ozone.
Because His is the only residue that reacts with ozone,
the oxidation product at 926.5 m/z is assigned to His 
3O as previously reported [27]. Minor oxidation prod-
ucts of DRVAIHPA appear at 883.6, 912.6 and 960.4 m/z
corresponding to the addition of 5, 34, and 82 Da,
respectively, to the peptide. Assuming oxidation only
occurs on the His residue, the His 34 Da and His 82
Da adducts have not been previously reported. How-
ever, the 5 Da adduct was recently identified by mass
spectrometry to be formyl-asparagine as a product of
radiolytically oxidized peptides (e.g., M  2 O  CNH)
[35]. Earlier studies identified the  5 Da adduct, where
a model compound, N-benzoylhistidine, was reacted in
a Cu2/H2O2 system [36] and a Cu
2/ascorbate system
Table 1. Accurate mass measurements obtained from FT-ICR m
Adducts
Angiotensin II
Exp. Meas.  (Exp.
Unreacted 1046.5423 1046.5457 0.0
 O 1062.5372 1062.5397 0.0
 3 O 1094.5270 1094.5300 0.0
 4 O 1110.5220 1110.5223 0.0[37], where the main oxidizing agent was a hydroxylradical. Therefore, possibly the minor 5 Da adduct
was formed by a radical-based oxidation. Unfortu-
nately, further MSMS characterization of the
DRVAIHPA minor oxidation products was not possible
due to low signal intensities.
ESI-MSMS-CID and SID
MSMS experiments were performed on the major oxi-
dation products of angiotensin II and the two analogs to
determine the location of oxygen addition. CID spectra
of all three peptides are shown in Figures 2, 3, and 4,
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Figure 2. CID spectra of the  O adducts in (a) angiotensin II at
pectra for angiotensin II and ACTH fragment 18–39
ACTH fragment 18–39
s.) Exp. Meas.  (Exp.-meas.)
1233.1034 1233.1085 0.0051
1241.1008 1241.0961 0.0047
1257.0957 1257.0978 0.0021ass s
-mea
034
025
0271062.5 m/z and (b) DRVYIAPA at 920.2 m/z.
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(Figure 3), and 34 Da (Figure 4). SID spectra for the
O and 3O adducts of angiotensin II are shown in
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Figure 3. CID spectra of the 3O adducts in (a) angiotensin II at
1094.5 m/z, (b) DRVYIAPA at 952.5 m/z, and (c) DRVAIHPA at
926.5 m/z.Figure 5. The SID spectra were obtained to confirm theproduct ion assignments in the corresponding CID
spectra. Table 2 summarizes the differences between
measured and expected m/z values for key ions ob-
served in the SID spectra.
Figure 2a shows the CID spectrum of the 1062.5 m/z
ion of angiotensin II, which is expected to arise from the
addition of one oxygen atom on the Tyr residue (Tyr 
O). Since Tyr is located at the fourth residue in the
sequence, the b-ion series is expected to shift by 16 Da
between b4 and b8 relative to the unmodified fragment
ion. Similarly, a shift by 16 Da is expected for y-ions
between y5 and y8. All assignments shown in Figure 2a
support formation of the Tyr  O adduct, which has
been proposed to be 3,4- or 2,4-dihydroxyphenylalanine
by Kotiaho et al. [27]. In contrast to CID, the SID
spectrum showed more internal fragments and fewer
sequence ions. Nonetheless, all Tyr-containing ions
were observed at m/z values shifted by 16 Da consis-
tent with formation of the Tyr  O adduct (Table 2).
Immonium ions of Arg (R) and His (H) were also
detected using SID. Although all fragments from the
SID spectrum of 1062.5 m/z were consistent with forma-
tion of Tyr  O, the b7 and b7  H2O ions in the CID
spectrum do not correspond to this adduct. Compared
to their oxygenated counterparts, these ions have much
smaller intensities and are very close to the noise level.
The presence of b7 and b7  H2O ions suggest a minor
pathway in which an oxygen atom is added to the Phe
residue. As mentioned previously, trace amounts of Phe
 O and Phe  2O may be formed during ozonolysis
and detected by mass spectrometry [27]. Oxidation of
the Phe residue could also occur by reaction with
hydroxyl radicals under the conditions used.
Figure 2b shows the CID spectrum of 920.5 m/z, the
one oxygen adduct of A6, A8-angiotensin II,
DRVYIAPA. The spectrum is very similar to that of the
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Figure 4. CID spectra of the  34 Da adduct in DRVYIAPA at
938.5 m/z.one oxygen adduct of angiotensin II (1062.5 m/z) con-
angiotensin II at 1062.5 and 1094.5 m/z respectively.
Ions have the same m/z within experimental error as other fragmentation pr
shown in parenthesis.
1294 LLOYD ET AL. J Am Soc Mass Spectrom 2006, 17, 1289–1298firming formation of Tyr  O. All assigned ions are
consistent with formation of the Tyr  O product. An
ion at 414.2 m/z and ions corresponding to the loss of
both 138 and 110 Da from the precursor ion have not
been conclusively assigned; however, these ions only
appear in both CID spectra of the one oxygen adduct.
One difference between Figure 2a and b is the absence
of nonoxygenated b-ions in the latter, which were
assigned to the formation of Phe  O in the former.
Since the analog did not contain phenylalanine, the
absence of nonoxygenated b-ions in its spectrum fur-
ther supports formation of the minor Phe  O product
from angiotensin II.
The CID spectra of 1094.5, 926.5, and 952.5 m/z show
the 3 O adducts of angiotensin II, DRVYIAPA and
DRVAIHPA, respectively (Figure 3a– c). Based on pre-
vious work, it was expected that only the His residue
would gain three oxygen atoms during ozonolysis;
however, the CID and SID data suggest otherwise
(Figure 3a and Table 2). Because His is the sixth residue
from the N-terminus, b6 to b8 and y3 to y8 are expected
to be shifted by 48 Da. In addition, His immonium
ions and His-containing internal fragments are ex-
pected to be shifted by 48 Da. While most fragment
ions in the angiotensin II CID and SID spectra are
consistent with the His  3O adduct, some are not. The
SID spectrum shows the His immonium ions at 110.07
and 138.07 m/z and the internal fragment HP at 235.12
m/z, suggesting the presence of another 3O adduct in
which the His side-chain is not oxidized. Other unex-
pected sequence ions were detected in the CID spec-
trum corresponding to the b5  3O and m4  3O ions.
The m-ion series relates to the loss of the entire residue
side chain. Therefore, in angiotensin II, m4  3O shows
the loss of the Tyr side chain plus three oxygen atoms.
of angiotensin II
Immonium ions Internal fragments
R[70]a (0.0004),
Pa (0.0004),
H[110] (0.0003),
R[112] (0.0004),
Y (0.0005),
H[138] (0.0001)
HP (0.0004), IH (0.0001),
RV (0.0004), VYa (0.0002),
VYI (0.0019), YIH
(0.0005), RVY (0.0016),
VYIHa (0.0003), RVYI
(0.0014), RVYIH
(0.0038)

7 
R[70]a (0.0003),
Pa (0.0003),
H[110] (0.0001),
R[112] (0.0002),
H[138] (0.0002)
HP (0.0006), IH (0.0008),
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(0.0005), VYa  O
(0.0003), RVY  O
(0.0037)
3O
3)
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Pa (0.001),
H[110] (0.00002),
R[112] (0.00003),
H[138] (0.0003)
HP (0.0002), RV (0.0003),
VYa (0.0004), YI (0.0014),
UHP  3O-28 Da
(0.0016), VYI (0.0009),
RVY (0.0007), RVY  3O
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Figure 5. SID spectra of the  O (a) and 3 O (b) adducts ofTable 2. Fragment ions from SID spectra of each ozonolysis product
Precursor ion b-Ions y-Ions
MH 1046.5423 Da b2 (0.0004), b3
(0.0008), b4
(0.0014), b6
(0.0029)
y2
a (0.0002), y4
a
(0.0003), y7
(0.0033)
(M  O)  H
1062.5372 Da
b2 (0.0001), b3
(0.0016), b4 
O (0.0015)
y2
a (0.0005), y2
Oa (0.0003), y
O (0.013)
(M  3O)  H
1094.5271 Da
b2 (0.0005), b3
(0.0009), b5
(0.0004), b6 
3O-88 Da
(0.0029), b6 
H2  3O-88 Da
(0.0009)
y2
a (0.0004), y7 
(0.0025), y7 
3O-71 Da (0.003
a
oducts. The difference between measured and expected m/z values are
e fir
1295J Am Soc Mass Spectrom 2006, 17, 1289–1298 PEPTIDE OZONOLYSISThese ions are strong indicators that three oxygen
atoms can also be added to the Tyr residue.
To investigate this possible product (Tyr  3O), the
CID spectra of the 3O adducts of the Tyr analog
(DRVYIAPA) at 952.5 m/z and angiotensin II at 1094.5
m/z were compared. In the CID spectrum of 952.5 m/z
(Figure 3b), a mass shift of 48 Da is observed for b4–b7
ions and the y7 ion as expected for oxidation of the Tyr
residue. Interestingly, an abundant peak at 513.3 m/z
appears to correspond to the loss of the oxygenated Tyr
side chain from the a5 ion. Again, the m4  3O ion is
present as well as losses of 44 Da (CO2) and 58 Da
(CHCOOH) from the molecular ion, which were also
found in the CID spectrum of angiotensin II. The
neutral losses suggest that the Tyr  3O adduct is a
ring-opened degradation product as shown in Scheme
1. The neutral loss of 71 Da from the molecular ion
(CHCHCOOH) is likely to result from the Tyr  3O
product structures as well; however, it shares the same
m/z value as the b7  H2O  3O ion.
The proposed product structures for the ozonoly-
sis of Tyr are based on previous ozone studies of
phenols [38 – 40] (Scheme 1 ). Niki and coworkers [38]
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Scheme 1. Proposed product structures of tyr
hydroxylation on the ring, and route 2 shows thproposed two possible initial routes of ozonolysis:hydroxylation or bond cleavage. In the hydroxylation
route, intermediates are formed that correspond to
the addition of one and three oxygen atoms. Different
product structures can be formed depending on
whether the ozone initially attacks the phenol/ty-
rosine side chain ortho or meta in relation to the
hydroxyl group. Initial bond cleavage of the ring also
leads to the addition of three oxygen atoms (Tyr 
3O) as well as the 34 Da adduct, which was
observed in low abundance in the ESI-MS of
DRVYIAPA. Recently, a study by Dai et al. [41]
observed the 34 and 48 Da products following
oxidation of peptides using performic acid. In their
work, the mass shift of 34 Da on the Tyr residue
was attributed to the addition of chlorine. However,
it was noted that no chloride-containing reagents
were specifically added to the experiment.
Like the experiment reported by Dai et al. [41], no
chlorine was added in our experiments and further
characterization of the 34 Da adduct in DRVYIAPA
was conducted by CID (Figure 4). A mass shift of  34
Da observed for b4–b7 and y7 ions as well as the
unmodified b3 ion suggest that this adduct corre-
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1296 LLOYD ET AL. J Am Soc Mass Spectrom 2006, 17, 1289–1298789.5 m/z corresponds to an unmodified y7 fragment
ion. Possibly, the y7 ion is formed by consecutive
fragmentation of the y7 34 ion. Two of the proposed
34 Da adduct structures (Scheme 1), the aldehyde/
peroxide (II), and the aldehyde/diol (III) can easily
fragment by loss of H2O2 (34 Da). High m/z ions
corresponding to losses of 44 Da (CO2) and 45 Da
(COOH) could occur from the acid/alcohol (I) also
shown in Scheme 1. The loss of CO2 occurs only after
a hydrogen rearrangement. The loss of 80 Da corre-
sponds to the loss of two water molecules (36 Da) and
CO2 (44 Da), which could occur from any of the 34
Da adducts. The two water molecules could be lost
where one molecule leaves from the C-terminus and
the other from the ring-opened product.
Figure 3c shows the CID spectrum of 926.5 m/z, the
3O adduct of DRVAIHPA. The observed fragmen-
tation confirms formation of His  3O and suggests a
structure of 2-amino-4-oxo-4-(3-formylureido)bu-
tanoic acid as proposed by Kotiaho et al. [27]. Se-
quence ions with a mass shift of 48 Da include b6 
3O, y7  3O, b6  3O  88 Da, and y7  3O  45 Da.
Sequence ions that do not shift include b4 and b5 as
expected for the His  3O adduct. Important high m/z
ions correspond to the loss of 45 Da (NH2COH), 71
Da (CO and HNCO), and 88 Da (NHCO and
NH2COH) from the oxidized His side chain. These
neutral losses are also observed in the CID spectrum
of angiotensin II (Figure 3a). In contrast, the loss of 58
Da observed for the 3O adduct of angiotensin II is
not found in DRVAIHPA, which further confirms
that the ozonolysis of angiotensin II can produce both
Tyr  3O and His  3O adducts.
Reaction Kinetics
Figure 6 shows plots for all three compounds of the
logarithm of normalized peptide signal intensity
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Figure 6. Plot of the logarithm of normalized signal intensity
versus reaction time for angiotensin II and two analogs. The
decreased signal intensity correlates to the relative reactivity of
Tyr and His.(peptide, i.e., reactant, ion signal divided by the sumof reactant and product ion signals) versus reaction
time with ozone for angiotensin II and its two ana-
logs. The decrease of the reactant ion signal intensity
correlates to the ozone reactivity of an isolated Tyr
residue in DRVYIAPA and an isolated His residue is
DRVAIHPA. Because ozone is added continuously
during the reaction, pseudo-first-order kinetics are
followed (eq 1). The slopes of the lines in Figure 6
give values for k, the pseudo-first-order rate constant.
The second-order rate coefficients, kII, are calculated
based on the concentration of ozone derived from
Henry’s Law (Table 3):
lnnormalized signal intensityktkIIO3t (1)
The use of eq 1 to determine reaction rates requires
(1) that the signal intensity is not subjected to quench-
ing by the presence of reaction products, and (2) that
the relative sensitivities for detection of the Tyr and
His products are the same. The first assumption was
verified by standard addition. Analysis of standard
peptide solutions at concentrations ranging from
0.0015 to 0.75 mg/mL showed a linear relationship
between averaged signal intensity and concentration
with an R2 value of 0.998. Adding known amounts of
the unreacted peptide to solutions after ozone reac-
tion showed no change in calibration sensitivity, i.e.,
the slope of the plot of signal intensity versus con-
centration, in the presence of oxidized product. In
addition, the lack of deviation from the linear fits in
Figure 6 suggests similar detection sensitivities for
reactants and products.
The rate coefficients in Table 3 show the ozone
reactivity of an isolated His residue to be only slightly
greater than that of an isolated Tyr residue, which is
consistent with previous work based on model peptides
[27] and proteins [16]. Angiotensin II contains both His
and Tyr residues and hence shows the greatest reactiv-
ity toward ozone. However, the reactivities of the
individual residues are not additive: the rate coefficient
for angiotensin II is smaller than the sum of the rate
coefficients of the other two peptides. Non-additivity
could arise from the local competition for ozone be-
tween Tyr and His in angiotensin II or a slight change of
secondary structure caused by the replacement of Phe,
Tyr and/or His with Ala. For peptides, the effect is
minor as the sum of the rate coefficients for the isolated
residues differs from the angiotensin II rate coefficient
by less than 50%.
Table 3. Experimentally determined pseudo-first order rate
coefficient, k, and the second-order rate coefficient, kII, for the
reaction of ozone with angiotensin II and its analogs.
Peptide k  104 (s1)a kII (M
1 s1)a
DRVYIAPA 3.90  0.04 274  3
DRVAIHPA 5.38  0.08 379  6
DRVYIHPF  Ang II 6.2  0.5 439  34aUncertainities are given to one standard deviation.
1297J Am Soc Mass Spectrom 2006, 17, 1289–1298 PEPTIDE OZONOLYSISReaction rates have been measured in other stud-
ies for residues within proteins [16] and for free
amino acids [23]. Unfortunately, the rate coefficients
for His and Tyr residues in larger proteins deter-
mined by Berlett et al. [16] are not directly compara-
ble to our work owing to a lack of information on the
reactant concentrations. Pryor et al. [23] report sec-
ond-order rate coefficients for the free amino acid
histidine, ranging from 38 M-1s-1 at pH 2 to 2.0  105
M-1s-1 at pH 7. The rate coefficient for the free amino
acid at a pH 3.5 is approximately equal to that of the
His residue in DRVAIHPA in an unbuffered solution.
Conclusions
MS and MSMS studies of ozonated angiotensin II and
its analogs show that Tyr  3O and Tyr  34 Da
adducts can be formed in addition to His  3O, Tyr 
O, and Phe  O adducts, which have been previously
observed in amino acid ozonolysis. Tandem mass
spectra were used to identify the structures of the
newly observed adducts as well as those suggested
from previous work. Other minor oxidation products
were observed during ozonolysis including His  5
Da, His  34 Da, and His  82 Da. Each of these
adducts can be rationalized through the continued
oxidation of the oxidized products and/or nonspe-
cific targets on the peptide.
Second-order rate coefficients were determined
from the decrease of the normalized signal intensity
versus time. The rate coefficients show that an iso-
lated His residue reacts slightly faster than an iso-
lated Tyr residue, and angiotensin II (which contains
both residues) reacts faster than peptides containing
only one of the two residues. However, the angioten-
sin II rate coefficient does not equal the sum of the
rate coefficients from His and Tyr.
The ozone concentration used in these experiments
was 1000 times greater than is typically found in
ambient air. The use of such a large concentration
facilitated measurement of reaction rates and calcu-
lation of kII values. If the reaction rates scale linearly
with ozone concentration and no other decomposi-
tion pathways are available, then the atmospheric
lifetimes of these peptides are expected to be about
20–30 days.
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